We show that kaonic nuclei can be produced by the (K 2 , p) and (K 2 , n) reactions. The reactions are shown to have cross sections experimentally measurable. The observation of kaonic nuclei gives a kaon-nucleus potential which answers the question as to the existence of kaon condensation in dense nuclear matter, especially in neutron stars. PACS numbers: 25.80.Nv, 13.75.Ev, 13.75.Jz, 26.60. + c The kaon-nucleon interaction at low energy region is particularly important nowadays because of the current interest in the dense nuclear matter in neutron stars where the so-called kaon condensed state may be achieved by a strong attractive interaction [1, 2] . The existence of the kaon condensed state softens the equation of state (EOS) of nuclear matter in the neutron stars and reduces their calculated maximum mass above which the neutron stars become black holes. The observed mass distribution of the neutron stars agrees with the calculation with this softening [3] . The introduction of strange hyperons in the EOS gives a similar softening. Strangeness is essential in both cases although quantitative understanding of the EOS requires a knowledge of both the kaon-nucleon and hyperon-nucleon interactions at high density [4] . The kaon-nucleon interaction, in particular, is known quite poorly experimentally.
The kaon-nucleon interaction at low energy region is particularly important nowadays because of the current interest in the dense nuclear matter in neutron stars where the so-called kaon condensed state may be achieved by a strong attractive interaction [1, 2] . The existence of the kaon condensed state softens the equation of state (EOS) of nuclear matter in the neutron stars and reduces their calculated maximum mass above which the neutron stars become black holes. The observed mass distribution of the neutron stars agrees with the calculation with this softening [3] . The introduction of strange hyperons in the EOS gives a similar softening. Strangeness is essential in both cases although quantitative understanding of the EOS requires a knowledge of both the kaon-nucleon and hyperon-nucleon interactions at high density [4] . The kaon-nucleon interaction, in particular, is known quite poorly experimentally.
Recently, effective kaon mass in dense nuclear matter has been derived by the chiral SU(3) effective Lagrangian includingKN, pS, and pL systems [5] . Such a theoretical model reproduces well the L͑1405͒ as aKN bound state due to the strongKN attractive interaction [5, 6] . TheKN interaction makes the K 2 feel a strong attractive potential in nuclei which consequently leads to the existence of deeply bound kaonic nuclei. The L͑1405͒, however, can also be interpreted as a three-quark state with ᐉ 1 excitation. In this case no attractiveKN interaction is relevant and the deeply bound kaonic nuclei do not necessarily exist.
Experimental data of K 2 optical potential mostly come from kaonic atoms. The shifts and widths of atomic levels affected by the strong interaction were reproduced by introducing an appropriate optical potential in addition to the Coulomb interaction. Recent extensive analysis of kaonic x-ray data concludes that the potential is strongly attractive [7] . The derived depth is around 2200 MeV which opens a possibility of kaon condensation at around 3 times normal nuclear density. Derivation of the optical potential from the kaonic atom data is, however, subtle since the atomic state is sensitive only to the phase shift of the K 2 wave function at the nuclear surface. The phase shift alone cannot determine the depth of the potential since the K 2 wave function has an ambiguity in the number of nodes in the nucleus especially when the potential depth is quite deep. The strong imaginary part of the potential further obscures the nodes. Earlier studies with a different treatment of the nuclear surface gave much shallower potentials of 280 to 290 MeV [7] which tend to exclude the kaon condensation in the neutron stars. Heavy ion reactions have been studied to derive the K 2 optical potential [8] . Enhanced K 2 production in the reactions suggests a strong attractive interaction although quantitative argument requires understanding of details of the reaction mechanism [9] .
TheKN interaction has been derived from kaon scattering experiments. However, the available low-energy data are insufficient for unique multichannel analysis, and the existence of L͑1405͒ makes the extrapolation of the amplitude below the threshold complicated [10] . Recent theoretical calculations on the kaon interaction in nuclei predict an attractive interaction although they are still controversial quantitatively and existence of kaon condensation in neutron stars is as yet inconclusive [11, 12] .
If theK-nuclear potential is as attractive as that derived from the kaonic atom studies suggests [7] , then deeply bound kaonic nuclei should exist. The observation of kaonic nuclei gives directly the K 2 optical potential and gives decisive information on the existence of kaon condensation in neutron stars. We show the general properties of the kaonic nuclei and that the ͑K 2 , N͒ reaction can excite them with cross section experimentally measurable.
Energies and widths of kaonic nuclei are calculated with the potential given by the kaonic atom data. For the analysis of mesonic atoms the Klein-Gordon equation is usually used [7] . Here we use the Schrödinger equation with harmonic oscillator potential. It is a crude approximation although it is good enough for the present purpose. We are interested in gross structure of levels and an orderof-magnitude estimate of the cross section for the deeply bound state. For the moment we take the potential depth 2200 MeV given by the kaonic atom. It is roughly 4 times deeper than that for nucleon and the kaon mass is about half of that of a nucleon. Thus the major shell spacing (hv K ) is p 8 times the 40A 21͞3 frequently used for nucleon. Since the kaon has no spin, no spin dependent splitting has to be considered.
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Thehv K is roughly 40 MeV, for instance, for the kaonic 28 K Si nucleus. The 1s state appears at around 2140 ( 3 2h v K 2 200) MeV bound, which is the deepest bound state ever observed in nuclear physics. If the potential shape is closer to the square well it appears deeper. In order to observe the state its width has to be reasonably narrow. The width is given by the imaginary part of the potential, which decreases for the deeply bound state and is around 10 MeV [5, 7] . The narrow width is understandable since dominant conversion channels like KN ! pS or KN ! pL are energetically almost closed for such a deeply bound state. Kaon absorption by two nucleons (KNN ! YN) gives little width since two nucleons have to participate to the reaction. Even though the width is twice wider the 1s state should be seen well separated since the next excited state (1p) is expected to appear 40 MeV higher.
The ͑K 2 , N͒ reaction where a nucleon (N) is either a proton or a neutron is shown schematically in Fig. 1 . The nucleon is knocked out in the forward direction leaving a kaon scattered backward in the vertex where the K 1 N ! K 1 N takes place. This reaction can thus provide a virtual K 2 orK 0 beam which excites kaonic nuclei. This feature is quite different from other strangeness transfer reactions like ͑K 2 , p͒, ͑p 6 , K 1 ͒, and ͑g, K 1 ͒ extensively used so far. They primarily produce hyperons and thus are sensitive to states mostly composed of a hyperon and a nucleus.
The momentum transfer, which characterizes the reaction, is shown in Fig. 2 . It depends on the binding energy (BE) of a kaon. We are interested in states well bound in a nucleus (BE 100 150 MeV). The momentum transfer for the states is fairly large (q 0.3 0.4 GeV͞c) and depends little on the incident kaon momentum for P K 0.5 1.5 GeV͞c, where intense kaon beams are available. Therefore one can choose the incident momentum for the convenience of an experiment. It is a little beyond the Fermi momentum and the reaction has characteristics similar to the ͑p 1 , K 1 ͒ reaction for hypernuclear production where so-called stretched states are preferentially excited [13] .
Recently deeply bound p 2 atoms were observed by the ͑d, 3 He͒ reaction [14] . A small momentum transfer (ϳ60 MeV͞c) was vital to excite the atomic states which were typically characterized by the size of the atomic orbits. If one wishes to excite kaonic atoms, a momentum transfer less than 100 MeV͞c is desirable. It is achieved by kaon beams less than 0.4 GeV͞c where available beam intensity is very small. The repulsive nature of the p-nucleus interaction allows no nuclear state although the strong attractiveK-nucleus potential makes kaonic nuclei exist. The ͑K 2 , N͒ reaction can excite the deeply bound kaonic nuclei with large cross section in spite of the large momentum transfer of the reaction. For the excitation of nuclear states the momentum transfer is typically characterized by the Fermi momentum.
The
be abundantly excited by the (K 2 , n) reaction if it is aKN bound state with I 0 as usually believed. The d͑K 2 , p͒ reaction, in particular, gives information on the K 2 n interaction below the threshold, which plays a decisive role on the kaon condensation in the neutron stars.
We adopt here the distorted wave impulse approximation (DWIA) to evaluate the cross section. The DWIA calculation requires (a) distorted waves for entrance and exit channels, (b) two body transition amplitudes for the elementary ͑K 2 , N͒ process, and (c) a form factor given by initial nuclear and kaonic-nuclear wave functions. Relevant formulas for the calculation can be found elsewhere [13] .
The differential cross section in the laboratory system for the formation of kaonic nucleus is given by ds dV It is given by the two body laboratory cross section multiplied by the so-called effective nucleon number (N eff 
In this equation we assumed that a nucleon in a j N orbit is knocked out and a kaon enters in an ᐉ K orbit making a transition from a 0 1 closed shell target to a spin J state. Here the form factor F͑q͒ is given by the initial nucleon and final kaon wave functions as
where L J 6 1 2 is the transferred angular momentum. For an oscillator potential of radius parameter b, the radial wave function is
for nodeless states, where
. In the present case it is enough to consider natural parity stretched states with L ᐉ N 1 ᐉ K since the transferred momentum q is larger than the Fermi momentum. The form factor [Eq. (4)] is well known for the harmonic oscillator wave function [13] as 
The distortion D eik is estimated by the eikonal absorption where the imaginary parts of the K 2 and proton optical potentials are given by their total cross sections with nucleons. At P K 1 GeV͞c, total cross sections of the K 2 nucleon and the p nucleon are almost the same, and we take both to be 40 mb. The small radius parameter b indicates larger cross sections through the high momentum component; we thus evaluated N eff for b K b N also as the smallest value.
The cross section of the elementary reaction was given by the phase shift analysis of available data [15] . Here we need to consider only the non-spin-flip amplitude ͑ f͒ as explained above. Since the kaon and nucleon are isospin 1 2 particles there are I 0 ͑ f 0 ͒ and I 1 ͑ f 1 ͒ amplitudes. The amplitudes for elastic and charge exchange scattering are represented by appropriate linear combinations of the isospin amplitudes as
The c.m. (center-of-mass) differential cross section of the three reactions at 180 ± are shown in Fig. 3 as a function of incident kaon momentum. The cross sections depend on the incident momentum. For instance, the K 2 p ! K 2 p reaction has a peak at around 1 GeV͞c. We thus take 1 GeV͞c for the incident kaon momentum. Since the target nucleon is moving in a nucleus, Fermi averaging has to be made for the two body cross section which smears the fine momentum dependence. The c.m. cross section is reduced by 20% to 30% depending on models for this averaging. We take ϳ1.3 mb͞sr as the c.m. cross section at 1 GeV͞c.
Here we consider I 0 symmetric nuclei as targets. The (K 2 , p) reaction produces only an I 1 state; on the other hand, the (K 2 , n) reaction can produce both I 0 and 1 states. TheKN system is strongly attractive in the I 0 channel though not so much in the I 1 channel. The kaon-nucleus potential is an average of both channels and thus depends little on the total isospin of kaonic nuclei. Consequently, we expect that the I 0 state produced by the (K 2 , n) reaction appears at nearly the same excitation energy. The elementary cross section for the (K 2 , n) reaction in Eq. (1) becomes the sum of the K 2 n ! K 2 n and K 2 p !K 0 n cross sections. The incoherent sum of the two cross sections may not be inappropriate for the evaluation since the K 2 andK 0 mass difference is considered to be large on a nuclear physics scale. The cross sections for the kaonic nuclear 1s states are shown in Table I . The ͑p 1 , K 1 ͒ reaction for the hypernuclear production shows distinct peaks corresponding to series of major shell orbits especially for target nuclei with j n ᐉ n 1 1͞2 orbit closed. We thus take 12 C and 28 Si for the present study.
The calculated cross sections turn out to be quite large which can compensate for a low intensity kaon beam. The large cross section comes from the large cross section of the elastic K 1 N ! K 1 N reaction and from the transformation of the c.m. system to the laboratory system.
Feasibility of the experiment depends on backgrounds. Dominant backgrounds are nucleons from knockout reactions, where kaons are scattered backward by the quasifree process. Since the nucleons associated with the deeply bound kaonic nuclei are much more energetic, the knockout reactions will not be a problem.
Kaon absorption by two nucleons in nuclei can generate energetic nucleons. The process has to involve another nucleon in addition to the (K 2 , N) reaction. Thus one expects the process gives a smaller cross section than that of the (K 2 , N) reaction. The process can be interpreted as a spreading width of the kaonic nuclei.
A L produced in the forward direction by the quasifree ͑K 2 , p͒ reaction provides an energetic nucleon. It would not be a serious background since no peak structure is expected.
From the experimental point of view energetic protons can be produced by knockout reaction by pions which are contaminated in the kaon beam. This process, however, can be removed by the careful tuning of experimental condition.
It is shown that the (K 2 , p) and (K 2 , n) reactions can be used for the study of the kaonic nuclei. A study of the reaction requires an intense low energy kaon beam for which the alternating-gradient synchrotron (AGS) of BNL and probably the proton synchrotron (PS) of KEK are particularly suitable. The beam momentum can be chosen by considering the cross section, beam intensity, and momentum resolution of spectrometer. There are beam lines which provide K 2 beam 0.5 2 GeV͞c at BNL and KEK. The relatively broad width (ϳ10 MeV) and simple structure of the state need spectrometers of only modest momentum resolution but wide momentum acceptance.
We demonstrated that the (K 2 , p) and (K 2 , n) reaction can be used to obtain direct information on theKN interaction in nuclear matter. The calculation employed here is rather crude although it is based on well-known general concepts in nuclear physics.
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